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1. Introduction 
Under appropriate experimental conditions cyanate 
carbamylates the four terminal a-amino groups of 
valine la and 1~ of horse and human hemoglobin 
[1-3].  Recent investigations [4-8] have shown that, 
after oral or parenteral dministration of this drug, a 
similar reaction occurs in vivo. Upon treatment with 
cyanate, erythrocytes of patients with sickle cell 
anemia, both in the circulating blood or in vitro, have 
a reduced tendency to sickling. This effect has been 
attributed to the increase in the oxygen affinity of 
hemoglobin S (HbS)* produced by irreversible carba- 
mylation of the four terminal a-amino groups of the 
a and/3 chains of the molecule [9-10].  Kilmartin 
et al. [ 11 ] have recently shown for human hemoglobin 
that the increase in oxygen affinity upon combination 
with cyanate is mainly due to carbamylation f valines 
la. This finding has been confirmed also for HbS, but 
only for diluted, buffered solutions of this protein, in 
the absence of CO2 and 2,3-DPG [ 12]. As these 
allosteric factors are the main factors in regulating the 
oxygen affinity of hemoglobin, it is important to 
assess the effect of cyanate in the treatment of 
Abbreviations: HbS, the chromatographically purified main 
component of hemolysates from homozygous sickle cell 
individuals; ac~,  the derivative of HbS where cyanate carba- 
mylates the terminal a-amino group of a chains; a 2 #sc, the 
derivative of HbS where cyanate carbamylates the terminal 
a-amino group of # chains; ac# sc, the derivative of HbS where 
cyanate carbamylates the terminal a-amino group of the a 
and # chains; HbA, the chromatographically purified main 
component of hemolysates from normal individuals; 2,3-DPG, 
2,3-diphosphoglycerate. 
SS-anemia, to study the changes in oxygen affinity of 
HbS, when cyanate is specifically reacted with the 
terminal a-NH2 groups of the a and/or/3 chains. A 
relevant question immediately arises. Does cyanate 
affect he oxygen affinity of HbS simply by combining 
with the a-amino groups of the a chains or, as found 
in human hemoglobin, does it have additional effects 
by competing with CO2 and 2,3-DPG for the a-amino 
groups of the/3 chains? The present report is an attempt 
to answer this question. 
2. Materials and methods 
The following cyanate derivatives were prepared: 
(1) a2~ csc (i.e., the doubly-blocked'derivative of HbS 
in which the terminal a-amino groups of the a and of 
the/~ chains were reacted with cyanate), and (2) 
a~/~ c and a2/3~c (in which cyanate carbamylates the 
a-amino group of the a chain and, respectively, of the 
/3 chain of HbS). Complete xperimental details for 
the preparation of HbS and the various cyanate 
derivatives have been reported in detail elsewhere [ 13 ] 
Due to the considerable work required to obtain 
the various derivatives and the short supply of HbS, 
it was essential to modify the method previously used 
to study the functional properties of the cyanate 
derivatives of HbA [11]. A much smaller cuvette was 
adapted to the equilibrating tonometer to accommo- 
date micro samples (300 to 400/al) of hemoglobin. 
The Hb samples were transferred from the tonometer 
by a microsyringe into a specially made microcuvette 
(,x, 100 ~1 capacity) which was fitted to a standard 
holder of a Beckman Acta III Spectrophotometer. The
percent oxygen saturation was then obtained by 
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standard spectrophotometric e hniques. Considerable 
care in the preparation of derivatives was necessary in
order to minimize the formation of methemoglobin 
to less than 2 to 3%. A 7 to 8% oxidation of the pro- 
tein can significantly affect the value of oxygen affinity. 
3. Results 
Fig.1 shows values of log Pso (i.e., the logarithm 
of the oxygen pressure required to give 50% oxygen 
saturation of hemoglobin) c sc c s for a2/32 , a2/32, and a2/3~c, 
a2/3s. The experiments have been carried out in the 
absence of CO2, 2,3-DPG, and buffers at a hemoglobin 
concentration of 5%,/1 = 0.1 M (KC1). Fig.1 clearly 
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Fig.l. Log Ps0 values, in absence of 2,3-DPG and at zero 
a:~2 (~), 2 2 (o), a21352c (®), and ~2~3 s (o); Hb 'x, PCO 2 for c s c~c#sc 
4 mEq/litre. 
shows that, under such conditions, only the cyanate 
reacted at the terminal a-amino groups of the a chain 
of HbS can increase the oxygen affinity of the mole- 
cule (this is shown by c s a2/32and c sc a2/32 having the 
same oxygen affinity). Carbamylation of valine 1/3, on 
the other hand, does not affect the oxygen affinity of 
HbS (a2/3 ~ has the same oxygen affinity as the un- 
reacted HbS molecule, a2/3s ). 
Fig.2 shows how the presence of physiological 
concentrations of CO2 and 2,3-DPG can alter this 
picture. In this case it is interesting to note that (i) 
the total change in oxygen affinity (zz lo[ 00 2 at 
constant pH) between a2/3 ~ and the doubly-blocked 
c sc derivative a2/32 is 25 to 30% greater in the presence 
than in the absence of CO2 and 2,3-DPG md (ii) a 
/ 
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Fig.2. LogPs0 values for c sc • a2t3 ~m the presence (o) of 
PC02 = 40 mm Hg; acfls 2 in the presence ofPco 2 = 40 mm 
Hg (®);a2t3s ~ in the presnece ofPco 2 = 40 mm Hg (o). 2,3- 
DPG concentration was 1.0 mol 2,3-DPG per hemoglobin 
tetramer for all the derivatives shown. The points (.) refer to 
act3 sc in absence of CO=. 
significant effect on oxygen affinity of carbamylation 
C S C SC of valine 1/3 is now apparent (a2/32 vs. a2/32 ). 
4. Discussion 
The data reported in fig. 1, which are similar to 
those already found on HbA [11], can be explained in 
the framework of the allosteric theory of hemoglobin 
functions [14]. According to this theory, hemoglobin 
would exist in solution in two different conformations, 
R and T. The T form of the molecule has a low and 
the R form a high oxygen affinity. Transition from 
the T to the R form occurs upon breaking six hydrogen 
bonds which are know to stabilize the T form of the 
molecule. The combination of cyanate with the 
terminal a-amino group of the a chains would break 
the bond between this group and the C-terminal 
carboxyl group of Arg 141a [15], altering the 
allosteric equilibrium T ~- R towards the R form [16]. 
Additional effects of cyanate in presence of 
physiological concentrations of CO2 and 2,3-DPG (as 
shown in fig.2) can be explained in a different way. 
CO2 reacts with the four terminal a-amino groups of 
the a and of the/3 chains [3]. Both the carbamate 
bound at the a or the/3 chain is 'oxygen-linked.' i.e., 
less carbamate is bound by oxy- than by deoxyhemo- 
globin [17]. Alternatively, combination of CO2 with 
the four a-amino groups decreases the oxygen affinity 
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of the molecule, but it is the CO2 bound at the 
/3 chain that has the greatest effect [12]. On the other 
hand, 2,3-DPG reacts with a cluster of six positive 
charges around the central cavity of the deoxyhemo- 
globin molecule [8]. Two of these charges are con- 
tributed by the two-terminal -amino groups of the 
~3 chains. Thus cyanate, CO2, and 2,3-DPG compete 
for some of  the same sites of the deoxy form of the 
molecule. If  cyanate is bound, then CO2 cannot bind 
at all with the same site on the a or/3 chain terminal 
a-amino groups, whereas 2,3-DPG can still bind at the 
/3-chain site but with a lower affinity [12]. 
At a physiological level the effect of cyanate on the 
oxygen affinity of HbS under physiological conditions 
is quite significant. Fig.2 shows that the Ps0 of con- 
centrated HbS (in absence of sickling), at pH 7.2 (i.e. 
at the Ph value near to that found in the interior of 
the erythrocyte in vivo), is approx. 25 mM hg. 
Complete carbamylation of the two a-amino groups 
both on the a and/3 chains decreases the Ps0 to 
approx. 14 mm Hg. The data reported in fig.1 and 2 
shows that such a large shift is due to two combined 
effects: (i) the binding of cyanate at the terminal 
a-amino groups of the a chains, and (ii) the simultane- 
ous complete disappearance of the effect of  CO2 and 
the decrease of the effect of 2,3-DPG on the oxygen 
affinity of HbS. 
The experiments reported in figs. 1 and 2 have 
been carried out at a moderately high protein concen- 
tration (5%), but in absence of sickling. The next step 
would be the study of the effect of cyanate bound at 
the a or at the/3 chains a -amino groups on the oxygen 
affinity of HbS under aggregating conditions. Such a 
study would clearly be a major undertaking as it would 
require the development of  suitable techniques for the 
measurement of oxygen saturation in gels of HbS. 
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